The addition and removal of N-acetylglucosamine (GlcNAc) molecules on serine or threonine residues of a protein is called O-GlcNAcylation. This post-translational modification occurs on both cytoplasmic and nuclear protein, and is fast and reversible as comparable to phosphorylation. In contrast to the phospho-signaling cycles, this emerging moon-lightening signaling is cycled by only two enzymes, O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA). The simple machinery is a good evolutionary adaptation of a cell for quick accommodation to continuously fluctuating intra-and extracellular microenvironments. Rather than "switching" on or off a specific proteins -this would be done by phosphorylation where numerous specific kinases and phosphatases are involved -O-GlcNAcylation would play a "rheostat" which would be much more delicately increase or decrease the efficacy of signal transductions in response to cellular nutrient and stress conditions. Interestingly, recent evidence indicates that O-GlcNAc is further modified by phosphorylation. The O-GlcNAc-P will upgrade the modulation efficiency of cellular processes to continuous 'analogue' level. So far, only one protein AP180 was reported to have O-GlcNAc-P on Thr310. But, proteomic data from our laboratory indicate that there are multiple O-GlcNAc-P proteins, constituting "O-GlcNAc-P'om". This will focus on the possibility of existence of "O-GlcNAc-P'om".
Introduction
The O-linked attachment of a single monosaccharide β -N-acetyl-D-glucosamine (GlcNAc) to serine and threonine residues (O-GlcNAc) was first reported in 1984 [26] . Since then, this type of post-translational modification of proteins (i.e., O-GlcNAcylation) was found in many different proteins. Most recently, a most advanced technology, the 'Click' chemistry, followed by LC−MS/MS afforded the identification of around 1500 O-GlcNAc proteins from a single cell line [9] . The O-GlcNAcylation is atypical, different from the classical glycosylation. Firstly, O-GlcNAcylated proteins are nucleocytoplasmic, whereas the classical glycosylation occurs on secreted extracellular proteins and on the extracellular segments of integral membrane proteins.
Secondly, O-GlcNAcylation is a single molecule (i.e., GlcNAc) addition, whereas the classical glyco-moieties are very complex. Thirdly, O-GlcNAcylation is a dynamic and reversible process of a single O-GlcNAc moiety [14] . In contrast, the classical glycosylation requires a series of irreversible addition reactions which occur in a co-translational or post-translational manner. Lastly, the sugar moiety O-GlcNAc was until recently thought to be a terminal modification, that is, the O-GlcNAc is not additionally modified in any way. This latter thought is now challenged and recent evidence indicates a possibility of phosphorylation on the O-GlcNAc to produce O-GlcNAc-P. Multiple O-GlcNAc-P proteins will constitute the dubbed 'O-GlcNAc-P'om'. This review will present theoretical and experimental evidence that supports the existence of O-GlcNAc-P'om.
The O-GlcNAcylation
The GlcNAc molecule is energized by a high-energy covalent bond with uridine diphosphate (UDP). The transfer of the energized GlcNAc moiety in the UDP-GlcNAc onto a protein is catalyzed by the UDP-GlcNAc:polypeptide O-β -N-acetyl glucosaminyltransferase, or O-GlcNAc transferase (OGT). Conversely, the O-β-N-acetylglucosaminidase hexosaminidase C, O-GlcNAcase (OGA) removes this sugar moiety from proteins. O-GlcNAcylation can modulate protein functions in analogy to protein phosphorylation, and has been shown to be involved in almost all cellular processes including signal transduction and regulation of gene expression (see recent reviews [4, 22, 30 ]. An interesting finding is that O-GlcNAc and phosphate moieties can compete for the same or neighboring protein residues resulting in a complex interplay between the types of post-translational modification [3, 29] .
The O-GlcNAc, a cellular 'rheostat'
The cycling of addition and removal of O-GlcNAc is comparable, in the time scale, to that of phosphorylation and dephosphorylation. However, there exists a fundamental difference between the two types of modification: while phosphorylation is regulated by hundreds of specific kinases and phosphatases, O-GlcNAcylation is irrespective of the target protein. The primary function of O-GlcNAcylation is thought to be the modulation of cellular processes in response to nutrients and to cellular stress. The modulation of protein functions by O-GlcNAcylation, however, is different in nature from phosphorylation. By analogy to an electrical circuit, the phosphorylation events represent "microswitches," which turn on or turn off protein activity. In contrast, O-GlcNAcylation represents a "rheostat", an adjustable resistor used in applications that require the adjustment of current or the varying of resistance in an electric circuit. Therefore, rather than controlling specific proteins, i.e. "microswitches", O-GlcNAcylation can tune the overall cellular processes to accommodate nutrient status and cellular stress [10] .
The overall activity of OGT is regulated linearly by a wide range of intracellular concentrations of UDP-GlcNAc [15] , which fluctuates in turn proportionally in response to the flow of nutrients (glucose, glutamine, energy) or stress [19] .
Thus, the O-GlcNAcylation can play as a 'metabolic and stress sensor' by modulation of diverse proteins with just two enzymes (i.e., OGT and OGA) to adjust to the nutritional or stress status of the cell.
Is O-GlcNAc final modification?
Theoretical consideration I: O-GlcNAc is β-anomer, the right configuration for NAGK substrate
In the early step of UDP-GlcNAc biosynthesis, GlcNAc is phosphorylated to GlcNAc-6-phosphate (GlcNAc-6-P) by N-acetylglucosamine kinase (GlcNAc kinase or NAGK; EC 2.7.1.59). By GlcNAc-6-P mutase, GlcNAc-6-P is converted to GlcNAc-1-P, which is coupled to UTP to produce UDP-GlcNAc. Phosphorylation of monosaccharide GlcNAc by NAGK is well known. On the other hand, it is an intriguing question to ask whether the O-GlcNAc, which is linked to the hydroxyl group of Ser or Thr of a protein, can serve as a substrate for NAGK. To answer this question it is most important to find the configuration of O-GlcNAc. Applying saturation transfer difference NMR experiments on human NAGK, Blume et al. [2] found that NAGK exhibits a high preference for β-anomeric GlcNAc over other monosaccharides. Since O-GlcNAc transferase (OGT) also uses β-anomeric substrate, i.e O-β-N-acetyl glucosamine, the O-GlcNAc is linked to a serine or threonine in β -configuration, which is the right anomeric configuration for a NAGK substrate (Fig. 1) . Therefore, O-GlcNAc may serve as substrates for NAGK.
Theoretical consideration II: O-GlcNAc orientation
and steric hindrance may not be a problem Many different mammalian NAGK species were characterized [1, 5, 7] . Rat liver NAGK is a homodimer of 39 kDa subunits [13] , and the human NAGK cDNA encodes a predicted molecular mass of 37.4 kDa [12] . Weihofen et al. [28] elucidated crystal structures of homodimeric human NAGK in complexes with either GlcNAc or ADP/glucose. Unfortunately, they failed to crystallize a complex with both substrates, GlcNAc and ATP. Nonetheless, based on the two crystal structures, which they succeeded to determine, they established a 3D model for a NAGK complex with GlcNAc and ATP (Fig. 2 ). In this model, the N-terminal small and C-terminal large domains form a "V"-shaped structure, which acts as an active center for binding GlcNAc and ATP.
In order for NAGK to bind its substrate GlcNAc, the O-GlcNAc must be presented in the right orientation, the C6 -OH group of the glucopyranose pointing deep into the "V" valley. This means that the local structure of a substrate peptide with O-GlcNAc should be oriented such that the Beween the small (broken circles) and large domain is "V" valley (broken curves) which is the substrate binding pocket. The 3D structure was from Weihofen et al. [28] .
GlcNAc moiety thrust into the "V" pocket of NAGK. The -OH group of serine/threonine residues on a substrate protein is coupled to C1 -OH group of UDP-GlcNAc's β -D-glucopyranose, so that the C6 -OH group is positioned in the free end side. When a substrate peptide thrusts into the "V" pocket, this is the right orientation as a natural monomer GlcNAc positions in the active site (Fig. 3) . Another critical criterion for suitability of O-GlcNAc as a NAGK substrate is whether the "V" valley is spacious enough to avoid steric hindrance by the nearby structures surrounding the target O-GlcNAc peptide. Although no 3D structure of an The in inset in B is the 3D structure of TAB1 O-GlcNAc peptide in the similar size dimension as the NAGK. Note that "V" valley is spacious enough to accommodate the O-GlcNAc substrate peptide. Adapted from Weihofen et al. [28] .
O-GlcNAc bound NAGK complex is available at the present time, it can be simulated by putting the structure of substrate 4A ). When viewed in various rotations, it is evident that the local loop as well as its regional domain protrudes out to periphery (Fig. 4B) . Unfortunately, we could not find any other 3D structures of O-GlcNAc proteins. However, the [24] for Clostridium perfringens OGA (CpOGA) and Lazarus et al. [16] for human OGT (hOGT) in complexes with different known O-GlcNAc substrate peptides.
O-GlcNAc modified peptides by LC-MS/MS. To their surprise, they noticed that the more abundant signal at m/z 284 accounted for the difference between the nonmodified (M, 1545 Da) and modified AP180 305-320 (M, 1828 Da) peptide by O-GlcNAc-P (Fig. 6A) . A detailed analysis showed that the signal at m/z 284 is O-GlcNAc-P at Thr-310. The Thr-310 was either found in naked or O-GlcNAcylated or O-GlcNAc-P, but not phosphorylated alone (Fig. 6B) .
Interestingly, the flanking amino acids Ser306 and Ser313
were phosphorylated. A sequence with a high homology to AP180 305-320 was repeated in the C-terminal portion AP180 598-630. In this region, Ser621 and Ser627 were also phosphorylated (Fig. 6B ). However, due to the low signal strength, they were unable to confirm the O-GlcNAcylation of Ser625. The interaction or cooperation of O-GlcNAc-P with nearby phosphorylation sites will offer diverse leverage for the control of such proteins. Multiple phospho-sites increase net negative charge and hydrophilicity. O-GlcNAc also increases hydrophilicity and therefore will affect the sol- are O-GlcNAcylated [23] . The Ser 452 is also a phosphorylation site [6] . Since ENO1 was reported to be phosphorylated by PKC [21] , these proteins are probably another examples of complex interplay between phosphorylation and O-GlcNAcyation.
Existence of 'O-GlcNAc-P'om'? What does it mean?
The cycling of O-GlcNAcylation is peculiar in that it is regulated by just two enzymes, OGT and OGA. In contrast to phosphorylation cycling, which is regulated by numerous specific kinases and phosphatases, O-GlcNAcylation is irrespective of the target protein. Therefore, the primary function of O-GlcNAcylation is thought to adjust cellular processes in response to nutrients and to cellular stress. Therefore, rather than turning on or off of a single protein's function (i.e., "microswitch"), O-GlcNAcylation is well [10] .
adapted to control the overall flow rate of cellular signal transduction, because it requires only two enzymes to be controlled. By analogy to an electrical circuit, OGlcNAcylation plays as a "rheostat" that is used to tune the rate of overall cellular processes to accommodate nutrient status and cellular stress [10] . Supporting this inference, the overall activity of OGT is regulated linearly by the concentrations of UDP-GlcNAc [15] . Since the concentration of UDP-GlcNAc sensitively fluctuates in response to the flow of nutrients (glucose, glutamine, energy) or stress [19, the O-GlcNAcylation can play as a "rheostat" to quickly adjust cellular processes to fluctuating energy and stress level.
The O-GlcNAc "rheostat" works in combination with phosphorylation. This combination will offer diverse leverage for the control over O-GlcNAc proteins (Fig. 7) . This system is not binary with an 'on' or 'off' state for each signalling molecule but is 'differential'. By adding another control tool 'O-GlcNAc-P', this system can set the flow rate of cellular processes at enormously diverse levels. Diverse changes in the protein's character will adjust the cell to the subtle fluctuation of the cellular physiology. Such wide diversity will represent the continuous 'analogue' control of cellular processes instead of digital step-wise jump in the control.
Conclusion and prospect
O-GlcNAcylation is a moon-lightening signal controlling mechanism, which emerges only recently. The system is simple being controlled by only two enzymes. This, in turn, is a good evolutionary adaptation to quickly accommodate a cell to moment-moment fluctuating intra-and extracellular microenvironments. The O-GlcNAc "rheostat" would be much more delicately control the efficacy of signal transduction by adding another control lever, the phosphorylation of O-GlcNAc. It can be inferred that the key regulatory proteins in each signal transduction may be the target O-GlcNAc to be phosphorylated. These strategic proteins may constitute the O-GlcNAc-P group, dubbed 'OGlcNAc-P'om'. Characterization of O-GlcNAc-P'om will shed lights on our understanding normal and pathophysiology of cellular responses.
